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Introduction
Tungsten is foreseen as divertor material in future magnetic fusion devices such as ITER. Its good thermal properties such as high thermal conductivity, its high melting point and low erosion rate make tungsten favourable over other materials. For safety and efficiency reasons, it has been decided that the tritium inventory should be kept below 700 g [14] . It is therefore important to understand the effect of high-flux hydrogen plasmas on the material in detail. The solubility of hydrogen isotopes in tungsten is low. However, continuous bombardment with 14.1 MeV neutrons degrades the material properties and introduces damage, which may act as trap sites for hydrogen.
Hydrogen isotope retention in neutron-irradiated tungsten was studied in Refs. [15, 125, 126] . Since neutron irradiation is very time-consuming, MeV range heavy ions have frequently been used to simulate neutron damage. Previously, high-energy ion bombardment was found to increase the deuterium retention [16, 17, 19] and the deuterium concentration in the damage zone reaches 1.4 at.% [127] . This concentration was measured at surface temperatures below 550 K, where vacancies are not mobile. However, the divertor is predicted to operate at temperatures of around 600 -1300 K [128] . In this study, the focus is on the influence of elevated surface temperatures on deuterium retention in self-damaged tungsten. Damage in tungsten was created by pre-irradiation with 12.3 MeV W 4+ ions.
The damage cascade of a high-energy ion has a complicated structure. The process of damage creation has been discussed in many papers, also the book by Was [62] gives a good overview. A high-energy ion entering the lattice transfers part of its energy to atoms, the so-called primary knock-on atoms (PKA's). These PKA's cause further collisions cascades. Molecular dynamics simulations of these cascades have been carried out by several research groups to determine the amount and size of the vacancies and vacancy clusters that are created. Guinan and Kinney [129] showed that due to intracascade recombination in the cool-down phase of the damage cascade, the amount of initially produced defects is reduced. Caturla et al [130] used the recoil spectra of 1.9 GeV protons and simulated the damage evolution with kinetic Monte Carlo to investigate the cascade efficiency for the production of defects and their size distribution. They found large recovery of the damage during the cool-down phase. The remaining defect type was dominated by mono-vacancies and interstitials, only few clusters consisting of 2 -3 vacancies and 2 -4 interstitials were found. Troev et al [122] performed numerical calculations of damage in tungsten irradiated by fusion neutrons. They also show formation of mono-vacancies, di-vacancies, a few vacancy clusters, interstitials and small number of interstitial clusters containing more than three atoms. Fikar et al [131] studied the influence of different tungsten inter-atomic potentials on the amount and type of radiation damage. No important difference in the defect production was found. In all cases, mostly mono-vacancies were produced. The rest of the defects (35%) formed mainly small clusters, the maximum cluster size was about 35 vacancies. The probability for clustering and the size of the largest clusters tend to increase with increasing PKA energy [132] . Note that TEM studies show that in addition to vacancies also large numbers of dislocation loops are formed during irradiation [133] . 48 5.2 Experiment Eleveld and van Veen [85] used positron annihilation techniques to study the effect of stepwise heating on the damage in tungsten induced by 15 keV deuterium ions. They found that vacancy clustering takes place at ∼650 K and argue that the clusters have sizes of four to ten vacancies. Further cluster growth proceeded in two stages. At ∼1050 K the initially formed clusters broke up and formed clusters with 11 -16 vacancies. These vacancy clusters disappeared at around 1450 K in favour of clusters containing 40 -60 vacancies. Finally, these clusters were removed by annealing above 1700 K.
In this paper, we have studied the effect of temperature on deuterium retention in selfdamaged tungsten at temperatures up to 1200 K. The results will be discussed in terms of the diffusion of deuterium in tungsten, trapping and de-trapping from vacancies and vacancy clusters, and the mobility of vacancies.
Experiment
The work presented was performed with the same experimental techniques as described in [127] , but with a three times higher power input. Briefly, the polycrystalline tungsten materials (99.96% purity) were provided by PLANSEE and annealed for 1 h at 1273 K prior to implantation. The cleanliness of the targets was checked by X-ray photoelectron spectroscopy (XPS) before and after plasma exposure. Material damage was created by W 4+ ions with a kinetic energy of 12.3 MeV. The 3 MV tandem ion accelerator at IPP-Garching irradiated an implantation area of 12 mm in diameter, homogeneously, at normal incidence and at room temperature. Damage levels were calculated by SRIM [42] using the average value of 90 eV for the displacement threshold energy as reported by Ref. [68] . Varying the ion irradiation time resulted in peak damage levels of up to 0.45 displacements per atom (dpa). These peak damage levels are used as reference for our experiments. Damage profiles extend up to 1.5 µm depth. The damage rate at which the targets were damaged was (3 ± 1) × 10 −4 dpa s −1 .
All targets were implanted with deuterium at similar plasma conditions in the linear plasma generator Pilot-PSI [10] . The damaged targets have been exposed to four 20 s plasma pulses in an axial magnetic field of 0.8 T. Thomson scattering measurements were used to determine the electron density and electron temperature of the plasma beam [96] . The shape of the plasma beam is approximately Gaussian with an electron density of 9.0 × 10 20 m −3 in the centre and a full width half maximum of about 14 mm. The maximum electron temperature of 1.6 eV was measured in the centre of the beam. The targets were electrically floating during plasma exposure. Assuming that the ion temperature equals the electron temperature and using the Bohm criterion [31], the peak deuterium ion plasma flux is calculated to be 5.6 × 10 24 m −2 s −1 . Temperature profiles of the surface of the target were measured with a fast infrared camera (FLIR SC7500-MB). The maximum surface temperature was 1250 K at the beginning of the plasma pulse; during the 20 s plasma pulse this decreased to 1150 K. The profiles of the surface temperature of the target averaged over the plasma pulse and of the flux are shown in figure 5.1. The target was effectively cooled via a water-cooled copper block; after switching off the plasma, the temperature of the targets was back to room temperature within typically 1 s. Deuterium depth profiles were measured by nuclear reaction analysis (NRA) at IPP-Garching four weeks after plasma exposure by using the nuclear reaction D( 3 He, p) 4 He [99, 116] . Radial scans were made by positioning the 3 He beam spot of 1 mm in diameter at seven locations on the targets. The energy was scanned from 690 keV to 4.0 MeV at each position, so that the deuterium concentration could be measured down to 6 µm depth. The measured proton energy distributions were used to determine the depth profiles of the retained deuterium by use of the SimNRA program [117] .
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After NRA, about eight weeks after plasma exposure, the total deuterium retention and the desorption temperature peaks of the deuterium were determined by thermal desorption spectroscopy (TDS). With a ceramic heater, the tungsten samples were heated with a linear temperature ramp of 1 K/s to 1273 K. A Balzers QMA125 quadrupole mass spectrometer monitored the mass 4 (D 2 ) and mass 3 (HD) signals in the residual gas in the chamber, to determine the total amount of deuterium released from the target during the temperature ramp. The absolute sensitivity was determined using calibrated leaks of H 2 and D 2 . For the sensitivity of the mass 3 signal, the average of the sensitivities of mass 2 and mass 4 was taken. Mass 19 and 20, respectively HDO and D 2 O, were also detected. Qualitative analysis showed that these signals did not significantly exceed the background values.
Positron annihilation Doppler broadening (PADB) was used to monitor formation and clustering of defects [103, 104] . The annihilation reaction of an electron with a positron produces two gammas, each with an average energy of 511 keV. As a consequence of momentum conservation, the momentum of the electron-positron pair results in a Doppler broadening of the 511 keV annihilation energy. A typical measurement of the gamma spectrum can be found in the insert of figure 5.7. The S (sharpness) parameter is calculated as the ratio of counts registered in a fixed central electron momentum window (|p | < 3.5 × 10 −3 m 0 c) to the total number of counts in the photon peak. This choice of momentum window makes the S parameter sensitive to annihilations with low momentum valence electrons and implies that the S parameter is relatively high for a defect rich material: for a positron trapped in an open volume defect (such as a dislocation, a monovacancy or a vacancy cluster) the probability for annihilation with a valence electron is enhanced at the cost of annihilation with a core electron. Similarly, the W (wing) parameter is obtained from the high momentum regions W left and W right (10 × 10 −3 m 0 c < |p | < 26 × 10 −3 m 0 c) and accounts for annihilations with high momentum core electrons. Therefore, the W parameter is relatively high for a defect-free material. In conclusion, as a function of defect concentration the behaviour of S and W parameter is opposite.
In this study, the PADB experiments were performed with the Delft Variable Energy Positron beam (VEP). Positrons emitted from a 22 Na source were, after moderation to thermal energies and subsequent acceleration, injected in the samples with a kinetic energy from 0.1 to 25 keV. The beam intensity is about 10 4 positrons per second, the beam diameter at the target 8 mm. The mean implantation depth of the positrons, z , scales with the implantation energy according to z = A/ρ × E 1.62 [105] . Here, A is the material independent parameter (4 × 10 −5 kg m −2 keV −1.62 ), ρ is the sample density (19.3 × 10 3 kg m −3 ) and E is the positron implantation energy (keV). For tungsten, the positron energy of 25 keV corresponds to an implantation depth of about 400 nm.
To investigate the effect of temperature on the radiation damage in tungsten, the temperature evolution of the S and W parameters of four samples were monitored with PADB during several annealing stages. These samples were prepared in the following way. First, all samples were annealed for 1 h at 1273 K. Then, two of these tungsten samples were pre-irradiated with W 2+ ions with a kinetic energy of 5.5 MeV. One of these pre-irradiated samples was subsequently exposed to deuterium plasma in Pilot-PSI to implant deuterium. Also, one of the two non-damaged samples was exposed to deuterium plasma. The kinetic ion energy of 5.5 MeV was used for pre-irradiation, so that in the tungsten material only a shallow region of 600 nm with a maximum at 250 nm was damaged. This range is close to the range covered by the PADB measurements. Deuterium plasma exposure was performed at a peak electron density of 2 × 10 20 m −3 and a maximum electron temperature of about 0.6 eV. The surface temperature was chosen at about 520 K, in order to stay below the temperature where vacancies become mobile. Next, all four samples were annealed in vacuum to the indicated temperatures in figure 5.6, followed by PADB measurements after each heating step. All S and W parameters reported here, are normalized with respect to almost defect-free tungsten (heated for 24 h at 1800 K).
Results

X-ray photoelectron spectroscopy)
Before plasma exposure, tungsten (10%), carbon (40 -60%) and oxygen (20 -40%) were observed with XPS. XPS typically probes the top ∼10 nm of a tungsten sample. As 51 discussed in Ref. [127] , oxygen and carbon form a native layer of a few nanometer on top of tungsten when stored under ambient conditions. This layer will be removed during the initial stages of plasma exposure. Similar amounts of tungsten, carbon and oxygen were observed after plasma exposure. In addition, the surfaces contained calcium and fluorine concentrations up to 6% and boron with a maximum concentration of 10.5%.
The boron concentration decreased with the time that the source was in operation, i.e. targets exposed at a later moment contained less impurities. A decrease in boron content of a factor of 2 was found between the first and the last sample. The self-damaged samples were exposed to plasma in random order with respect to the level of damage. No effect on the deuterium retention of the order of exposure was observed. E.g. the shape of the saturation curves is smooth and similar as in previous experiments while the amount of boron is reduced with a factor two. From this, we conclude that boron and other impurities did not have a significant effect on the amount of retained deuterium. It is predominantly determined by the damage level and not by the sequence in which the samples were exposed.
Nuclear reaction analysis
We investigated our targets with NRA to get information on the local depth distribution of the retained deuterium. Measurements were carried out at different positions on the target: 0, 1, 3 and 6 mm from the centre, which were exposed at temperatures of respectively 1195, 1185, 1050 and 800 K and plasma fluxes of 5.6, 5.4, 4.5 and 3.2 ×10 24 m −2 s −1 . The integrated amount of deuterium retained in the top 6 µm of the sample as function of radial position is shown in figure 5.2. The amount strongly depends on the radial position as well as on the pre-irradiation damage. In the centre, where temperature and flux are maximal, the retention is minimal. The integrated amount of retained deuterium as function of pre-irradiation fluence is shown in figure 5.3. For comparison, the results of our previous experiments at a surface temperature of 525 K, the low temperature regime, are also plotted [127] . It is clear that the present results, like the previous ones, show saturation at the damage level of about 0.25 dpa. The deuterium retained in the tungsten targets from the present high surface temperature exposures is drastically lower than in the low temperature regime.
The measured NRA depth profiles are shown in figure 5.4. The measured amount of deuterium increases with pre-irradiation damage. For all samples, the deuterium depth profiles show a strong reduction in the centre of the target, where particle fluxes and surface temperatures are highest. In the near-surface layer (<0.5 µm) the reduction is in particular strong.
The reduction in the deuterium retention in the centre of the target is most likely related to the local high surface temperature. An increase of particle flux of the deuterium implantation would not lead to a decrease of particles stored in the tungsten. The reduction in retention may be the result of the high trapping and de-trapping rates at these 53 high surface temperatures, which would reduce the fraction of defects that are filled with deuterium. We studied this possibility with TMAP7, a one-dimensional transport code. Another possible explanation could be that the mobility of defects at these elevated temperatures results in removing and clustering of defects. This may lead to a reduction in retention as well. PADB was used to collect information on the defect behaviour as a function of the surface temperature.
Thermal desorption spectroscopy
In figure 5.5 the TDS results are shown for the damaged targets. For comparison, the result for a damaged target exposed to plasma at lower surface temperature [127] is displayed. Virtually no difference is observed between the 0.22 dpa and 0.45 dpa samples. This shows that the tungsten material is saturated with defects at 0.22 dpa. The undamaged sample (0 dpa) shows the contribution of the deuterium trapped in intrinsic traps and damage created during the plasma exposure itself. As compared to our previous results obtained at the low surface temperature exposure, the desorption peak at low temperature (∼550 K) is strongly reduced and has shifted to higher temperatures. The high temperature peak has shifted from 880 K to 975 K and has become narrower. For the samples that were exposed at high surface temperature, the TDS signal is dominated by the deuterium released from the periphery region of the sample. Not only did we find that the local deuterium retention at 6 mm distance from the centre is a factor 3 -4 higher than in the centre (figure 5.2), also the area of the periphery is large compared to the central region. 
Positron annihilation Doppler broadening
With PADB, we investigated the behaviour of the defects as function of temperature in a qualitative way. Figure 5 .6 shows the measured S parameter as a function of positron energy of the sample that was pre-irradiated with 5.5 MeV W 2+ ions (without any plasma exposure). The measured S parameter distributions are also shown after heating the sample to the temperatures as indicated in figure 5.6.
To determine the material specific S parameter of almost defect-free tungsten, a sample was recrystallized by heating for 24 h at 1800 K (shown in figure 5.6 by the red stars). Detailed VEPFIT (Variable Energy Positron fit) [134] analysis of the change in S parameter as function of implantation energy, yields a positron diffusion length of about 100 nm and an S parameter bulk value of 0.468. This value was used for normalization. The observed gradual change of S parameter from the surface value (S surface ) at low positron energy towards the bulk value (figure 5.6) at high-energy is due to the energy dependent broadening of the positron implantation profile (straggling) and diffusion of positrons after stopping and thermalization.
The normalized S bulk parameter of the annealed sample is 1.04 (figure 5.6, ∅). The 4% higher S value readily shows that the annealed sample still contains defects that effectively trap positrons. This is confirmed by the small positron diffusion length of 15 nm, found by VEPFIT analysis, which is well below the above-discussed value of 100 nm for defect-free tungsten. The elevated S value is typical for positrons trapped at defects.
After pre-irradiation with MeV ions, the normalized S parameter in the damaged regime increases to a value of up to 1.14 (figure 5.6, •). As discussed in Ref. [85] , such an S parameter indicates the presence of additional small vacancy clusters generated in the material due to the ion irradiation. By heating the target for 5 min at 550 and 625 K, the S parameter increases to a value of up to 1.19. Further increase of S to 1.25 is observed after heating of the target at 650 K for 30 min. This increase of S is an indication for the growth of vacancy clusters. Subsequent heating steps of 4 h at 625 K, 1 h at 750 K and 1 h at 950 K, did not cause any further change in the S parameter. This indicates that the vacancy clusters were stable and did not significantly change in size [64] . As a final step, the target was heated for a short time to 1725 K after which the measured S parameters dropped to values close to those of the annealed target. This means that vacancy clusters became mobile and were removed from the material. Note that the measured S parameters agree very well to the results from Eleveld et al [85] . Obviously, although the damage was created in a different way, i.e., high-energy tungsten ion damage (our work) versus high-energy deuterium ion implantation [85] , the defects and their temperature behaviour are rather similar.
Without any lattice defects, a material exhibits characteristic S and W values. As discussed in the experimental section, introduction of defects increases S and decreases W. It is instructive to plot the normalized S parameters of our samples against the normalized W values (the W values were also normalized to the values found for defect-free tungsten). The SW plot with data points of all samples is given in figure 5 .7. Each data point shown consists of the average S and W parameters in the positron implantation energy range of 5 -10 keV. We chose this range because at smaller implantation energies, the surface affects the S and W values. At higher implantation energies, positrons annihilated beyond the damaged range contribute to the signal. The SW defect-free point is also indicated in figure 5.7.
Annealed tungsten, without pre-irradiation, has a normalized S parameter of about 1.05 and a normalized W parameter of about 0.78. Increasing the temperature in steps, as indicated in figure 5.6 and determining the S and W parameters shows a linear change in the S and W parameters towards the values for defect-free tungsten. This linear behaviour indicates the presence of defects and their removal by the heating steps [106] . Due to the heating less defects are available, so that the positrons will annihilate predominantly with tungsten core electrons. The SW point (1.14, 0.6) for tungsten after pre-irradiation with MeV ions is also indicated in figure 5.7. Upon heating with similar heating steps to 950 K, the behaviour is opposite from that of the non-irradiated targets. The S parameter increases up to a value of about 1.25 (at 950 K) and the W parameter decreases to about 0.46. After briefly heating to 1725 K, the SW measurements points of the pre-irradiated samples end up close to the defect-free SW point (not shown in figure 5.7) . Additionally, note that the differences between plasma-exposed and unexposed targets are small. The deuterium implanted in the tungsten did not influence the PADB results.
The observed increase in S parameter for the pre-irradiated target can be explained by either the increase of defect concentration or the growth of formation of vacancy clusters. As the irradiation produced defect concentration is above the thermal equilibrium concentration, the more likely explanation for the increase in S parameter is the growth Figure 5 .6: The S parameter versus positron energy after different annealing stages of the target that was irradiated with 5.5 MeV W 2+ ions. Before irradiation the target was annealed for 1 h at 1273 K. For comparison, the S parameter distributions for a recrystallized target (24 h at 1800 K) with very low defect density are also shown. On the second x-axis the average implantation depth is given according to the Makhov distribution. 57 of vacancy clusters. The opposite behaviour of pre-damaged and non-damaged targets in the SW plot would then be explained by the difference in initial defect density. At low initial defect density, the defects have a high probability of reaching the surface or grain boundaries and anneal. In the pre-irradiated targets, in other words at high defect density, the defects are more likely to form larger clusters. These clusters are stable at higher temperatures. The change in slope of the irradiated and non-irradiated targets also strengthens the difference in type of defects involved.
TMAP7 simulations
TMAP7 is a program to simulate diffusion and trapping of hydrogen in materials. An elaborate description of the code is given in Ref. [107] . TMAP7 was used to simulate the diffusion during the implantation process of deuterium by plasma exposure at a flux of 4 × 10 24 m −2 s −1 and the desorption of deuterium by ramping the temperature. Diffusion and solubility values of hydrogen in tungsten from Frauenfelder [53] were used. The tungsten material was separated into 64 depth layers, with a thickness varying from 2.5 nm at the surface to 1 µm at the backside. Trapping and de-trapping rates are strongly dependent on the temperature. To investigate its effect on the deuterium retention, we used the following approach. First, the TDS results presented in Ref.
[127], were fitted with TMAP7. These results were obtained at lower surface temperature exposures (below 525 K), where defects were not mobile. In the fits, flat damage profiles up to 1.25 µm depth were assumed and the trapping energies and absolute vacancy densities were varied until reasonable agreement with the experiments was obtained. The results were then used as an input parameter for simulation of the diffusion during implantation at higher temperatures, thereby initially assuming that the defect distribution was not affected.
In figure 5 .8, the TMAP7 simulation of the TDS profile together with the experimental results from the 0.22 dpa low temperature exposure is shown (dashed red line). In the fit three types of traps were used, the first with a trapping energy of 1.2 eV and a density of 0.5 at.%, the second with a trapping energy of 1.4 eV and a density of 0.2 at.% and the third with a trapping energy of 1.85 eV and a density of 0.7 at.%. The densities were chosen such that the total defect density adds up to the experimentally observed 1.4 at.% [127] . Here, we assume one deuterium atom per defect. Implantation of deuterium at higher temperatures reduces the fraction of deuterium-filled defects of all three defects, because de-trapping takes place. This is illustrated in The TDS profile of the TMAP7 run for an implantation temperature of 1000 K is shown figure 5.8 (dashed blue line) . This temperature is approximately the average temperature of the targets during implantation at high temperatures. Indeed, the low temperature peak significantly decreases as result of the strong depopulation of the traps at 1.2 and 1.4 eV. The intensity of the high temperature peak does not decrease. However, in the experiment the high temperature peak is located at significantly higher temperatures than in the simulations. Running TMAP7 again and increasing the 1.85 eV trapping energy to 2.05 eV, led to the result shown by the dotted blue curve. In this simulation, the peak at about 975 K agrees quite well with the experiments. In the temperature range of 700 -850 K some intensity seems to be 'missing'. The reason may be that the actual trapping energies are most likely not strictly defined, but rather characterized by a broader distribution. TMAP7 cannot correctly represent such a distribution. It may also be that mono-vacancies and/or small vacancy clusters are still present in the target during the experiments, but not taken into account in the simulations. For the low temperature regime three traps were assumed up to a depth of 1.25 µm: 1.2 eV, 1.4 eV and 1.85 eV with a trap density of respectively 5 × 10 −3 , 2 × 10 −3 and 7 × 10 −3 atomic fraction. Implantation of the same damage profile at 1000 K results in the dashed blue desorption profile. The shift of the high temperature peak could only be fitted by choosing a trapping energy of 2.05 eV (blue dotted line).
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It should finally be noted that we have also simulated the desorption of deuterium during the 1 s cool down phase as possible cause for the reduction in retention. This did not lead to any significant desorption of deuterium. During the exposure most of the deuterium is released (99.95%), only a factor 1 × 10 −6 of the deuterium is retained in the material.
Discussion
As discussed in Ref. [127] , the saturation of deuterium retention as a function of preirradiation W 4+ ion fluence for targets exposed to plasmas at surface temperatures up to 525 K is caused by saturation of damage creation in the pre-irradiation phase. The same holds for targets exposed to plasmas at higher surface temperatures (800 -1200 K). However, the maximum amount of retained deuterium is significantly reduced ( figure 5.3) . The NRA results in figure 5.2 clearly show that the surface temperature plays an important role. We have used NRA, TDS, positron annihilation techniques, and TMAP7 simulations to understand this reduced deuterium retention in more detail.
The PADB experiments presented in figure 5 .6 yield information on the defects in tungsten. Directly after pre-irradiation, the S parameter has increased up to 14% above the defect-free reference value. It was discussed in Ref.
[85] that this S parameter indicates creation of additional vacancies and vacancy clusters. This is in line with MD simulations on irradiation damage in materials: Caturla et al [130] and Fikar et al [131] have shown that for an average PKA energy of ∼17 keV, the value we estimated using SRIM for 12.3 MeV W 4+ ions, significant amounts of defects are produced.
In the TDS spectrum for the targets exposed to plasma at low surface temperatures up to 525 K (figure 5.8), two distinct peaks were observed. Heinola et al [56] have shown with density-functional theory calculations that a mono-vacancy can hold up to six hydrogen atoms. The corresponding trapping energies range from 1.6 eV for the first atom down to 1.2 eV for the fifth atom and 0.64 eV for the sixth. These values are in the range of what we found for the TDS peak at low temperature (∼550 K), which suggests that deuterium trapped in mono-vacancies contributes to this peak. It should be noted that deuterium trapped in dislocations, which is not taken into account in our simulations, may also contribute to this low temperature peak. As discussed in the introduction, irradiation of materials with the MeV range ions also creates small vacancy clusters. The desorption peak at higher temperatures (∼880 K) may be related to deuterium trapped in such small clusters, either in atomic or molecular form.
The behaviour of defects with temperature was studied with PADB. In the PADB experiments, the targets were subsequently heated in steps, initially leading to an increase in the S parameter. After heating for 30 min at 650 K, the normalized S parameter has increased to about 1.25. As discussed in the previous section, this increase in S is probably caused by the growth of vacancy clusters. According to Ref. [85] , the clusters are thought to contain up to about ten vacancies. In further heating steps, the S parameter remained constant even after heating the target for 1 h at 950 K. Only after a brief heating step at 1725 K, the S parameter was significantly reduced.
Conclusions
During the plasma experiments at high surface temperatures the targets reached temperatures in the range of 800 -1200 K. In this temperature regime, according to the PADB experiments, growth of vacancy clusters will take place during plasma exposure. The periphery region of the surface, i.e. with the lowest exposure temperatures, will contain clusters containing up to about ten vacancies (corresponding to a normalized S parameter of about 1.25 in the PADB experiments). These larger clusters have also formed in the centre area, exposed at higher temperatures up to 1200 K. Additionally, defects close to the surface were able to reach the surface and annihilate. This is supported by our NRA results. In figure 5 .4, the strong reduction of deuterium retention in the surface region was measured.
This clustering of mono-vacancies and small vacancy clusters into larger clusters was confirmed by TDS. Apart from the significant decrease of the low temperature peak, a shift of the high temperature peak to ∼975 K was observed. According to the TMAP7 simulations, this high temperature peak corresponds to a trapping energy of 2.05 eV. This energy is close to the value of 2.1 eV that was interpreted by several others [19, 20, 55] as trapping of deuterium in voids. Ogorodnikova et al [52] reported a trap energy of 1.84 -2.34 eV from chemisorption of atomic deuterium on the internal surface of a void. Interesting was, that TMAP7 did not reproduce the fact that the measured high temperature peak was much narrower. To explain this, we need the NRA depth profiles from figure 5.4. Here, we found that the deuterium retention in the surface region was strongly reduced. Retention of deuterium in a narrower damage profile will lead to a narrow peak in the TDS.
Our results suggest that during plasma exposure at high temperatures, mono-vacancies and small vacancy clusters are mobile and form larger clusters containing tens of vacancies. Some smaller clusters however also remain present, although their contribution to the retention is significantly less because of the strong depopulation of these lower energy traps at the used high temperatures. The amount of deuterium trapped in the larger clusters present in the high temperature exposures is similar to the amount in the smaller clusters as produced in the irradiation process and still present during low temperature plasma exposures. The strong reduction in retention observed at high temperature exposures, therefore, seems to be caused by the reduced amount of mono-vacancies and small clusters in combination with their strong depopulation due to thermal trapping and detrapping. In addition, the number of dislocations are also expected to be strongly reduced after high temperature exposures.
We investigated the effect of surface temperature on deuterium retention above the temperature where vacancies become mobile. The saturation behaviour of the retention that we observed for low temperature exposures and that originates in the pre-irradiation damage, is still present. The absolute retention at these high surface temperatures is however strongly reduced. The reduction is strongest close to the surface. Our results suggest that the reduction in deuterium retention is the result of both the reduced amount of mono-61 vacancies and small vacancy clusters and their reduced population due to thermal trapping and de-trapping. The PADB data on defect evolution in tungsten upon heat treatment indicated formation of vacancy clusters, which are stable at higher temperatures. The shift of the high temperature peak in the TDS spectrum can be explained by the clustering of mono-vacancies and small vacancy clusters into larger clusters. From TMAP7 simulations we found that depopulation due to thermal trapping and de-trapping is strong for traps with a low binding energy. The strong reduction of the deuterium retention in the region close to the surface can be explained by the annealing of vacancies.
5.A Role of vacancy mobility on deuterium retention in tungsten at high surface temperature
High temperature plasma exposure (>550 K) decreases the deuterium retention significantly in undamaged tungsten [76, 135, 136] and in pre-irradiated tungsten (chapter 5).
The increased mobility at higher temperatures underlies this reduction. Higher mobility of the deuterium atoms result in a higher trapping and de-trapping rate, so that the occupation degree of the deuterium in defects is lowered. Annealing and clustering of vacancies take place as result of the vacancy mobility, so that less traps for the deuterium exist in the tungsten material. In this appendix, we show that the dominating effect for the reduced retention lies in the vacancy mobility. The reduction of deuterium retention at high temperature raises another important question: How does defect mobility during high temperature exposure affect the saturation of deuterium retention? In previous experiments (chapter 4) we measured saturation of pre-irradiation damage in tungsten and attributed this to the spontaneous recombination [127] . In the experiments of chapter 5 a lower saturation level was found after plasma exposure at a high surface temperature [137] . Also, we described the clustering of vacancies, which was measured using positron annihilation Doppler broadening. However, in a fusion reactor damaging, heating and plasma exposures take place simultaneously. In the present experiment we decouple damaging, heating and plasma exposure. We performed a measurement series in which pre-irradiation damage and heating are alternated, and found that the deuterium retention decreased after an extra heating and pre-irradiation step.
5.A.1 Experiment
All polycrystalline tungsten targets (PLANSEE, 99.96% purity) were polished until mirror finish and annealed for 1 h at 1273 K at a background pressure of 5 × 10 −4 Pa. The dimensions of the targets are 20 mm in diameter and 1 mm in thickness.
Re-implantation of a sample exposed at high surface temperature
Three polycrystalline tungsten targets were pre-damaged for the re-implantation experiment at IPP Garching with 12.3 MeV W 4+ ions to a damage level of 0.45 dpa (assuming E displ = 90 eV [68]). The targets were exposed at self-biased conditions to high-flux deuterium plasmas in the linear plasma generator Pilot-PSI at FOM-DIFFER [10] . Electron density and temperature were measured using the Thomson scattering technique [96] . These were used to calculate the particle flux in figure 5 .9 according to the method described in section 2.1.1.
The low temperature target, target 1, was exposed to a surface temperature of 540 K in the centre and 460 K at the edge. The high surface temperature target, target 2, was carried out at a temperature range of 850 -950 K. The re-implanted target, target 3, was first exposed at the high surface temperature followed by a low surface temperature exposure. For the low temperature exposure a magnetic field of 0.4 T was used, and the 63 duration of the plasma exposure was 3 times 75 s. A magnetic field of 0.8 T was used to obtain the high surface temperatures. For these sample, 8 shots of 25 s were used to implant the deuterium.
Subsequent damaging and heating
The experiments concerning subsequent heating and damaging, involved four targets that were damaged with high energy MeV tungsten ions with heating steps in between. During the 'damaging step' targets were bombarded with 12.3 MeV W 4+ ions to a damage level of 0.45 dpa. For the heating step, the samples were heated for 1 h at 950 K, so that the clustering of vacancies into larger clusters could take place (chapter 5). The samples were heated in a high-vacuum oven at a pressure of 10 −3 Pa. The experimental sequence of the different targets was as follows:
1) pre-damage 2) pre-damage → 1 h at 950 K 3) pre-damage → 1 h at 950 K → pre-damage 4) pre-damage → 1 h at 950 K → pre-damage → 1 h at 950 K → pre-damage
After the target preparation, all targets were exposed simultaneously to deuterium plasmas in PlaQ at IPP Garching [138] . The samples were exposed at a flux of ∼10 20 m −2 s −1 for 72 h, so that a particle fluence of 3 × 10 25 m −2 was reached. During plasma exposure the sample temperature was 400 K. Targets were analysed with thermal desorption spectroscopy (TDS), nuclear reaction analysis (NRA) and positron annihilation Doppler broadening (PADB). Details of these analysis techniques can be found in chapter 3.
5.A.2 Results and discussion
The deuterium depth profiles can be derived from the NRA results. In figure 5 .10 the proton counts are shown as function of the 3 He ion energy. The ion energy is related to the depth of the measurement, the proton counts are a measure for the amount of deuterium retained. The results are shown for two positions on the target: the centre and 6 mm from the centre. On both positions similar proton counts were detected for targets 2 and 3. Thus, there is virtually no difference in deuterium depth distribution between the high temperature and the re-implanted sample.
The NRA measurements at the centre position (figure 5.10) show that the reduction of retention originates in the vacancy mobility. Target 2, exposed at high surface temperature, retains less deuterium than target 1 that was exposed at low surface temperature. In the case that the defects would still have been present in the material, but not occupied by deuterium because of the high trapping and de-trapping rates, the re-implanted sample should have retained similar amounts of deuterium as target 1 (low temperature). The present experiment shows however that the deuterium retention did not increase after re-implantation. This indicates that all defects were already occupied by deuterium after the high temperature exposure and that the reduction is a result of the removal of traps.
The NRA measurements at 6 mm from the centre shows opposite behaviour. The target contains less deuterium at this position after low temperature exposure as compared to the high temperature and the re-implanted samples. Presumably, the temperature at the edge of the target was not high enough to cause annealing and clustering. The increased diffusion as result of the increased temperature dominates the retention behaviour. Figure 5 .10: Nuclear reaction analysis shows that there is no difference between the high temperature and the re-implanted target. The measurement at the centre position shows the re-implanted sample contains less deuterium than the low temperature target.
Subsequent damaging and heating
The targets concerning the subsequent damaging experiment were analysed with positron annihilation Doppler broadening (PADB) after the sequences of alternating damaging and heating and after plasma exposure. PADB was used to obtain information about the vacancy (cluster) size. The results are shown in figure 5 .11. The S parameter increased after one damaging and one heating step. This indicates growth of small vacancy clusters [137] . After additional damaging, heating and damaging, the S parameter returned to its original value. Note that the penetration depth of positrons is very low. Energies up to 25 keV typically probe up to 400 nm depth. The results are thus only valid for the 400 nm just below the surface. Another remark must be made according to these results: The critical eye immediately notices that these S parameters are typically lower than what we found in chapter 5. This is most likely do to the fact that in the present experiment the vacancies were filled with deuterium. It is known that deuterium atoms occupying the vacancy (clusters), can passivate the trap for a positron, so that the positrons are only partly sensitive for these vacancy (clusters). The TDS results are shown in figure 5 .12. The deuterium retention after the heating step is reduced by almost 50% with respect to target 1 that was only damaged. Damaging again (target 3) increases the deuterium retention although not to the level of target 1. The same holds for target 4.
The TDS results clearly show that heating after damaging reduces deuterium retention. Repetition of the damaging increases the deuterium retention although not to the level of target 1. On the contrary, the results with PADB did not show any difference between target 1 and target 4. It seems that in the first 400 nm of the samples the damage is fully recovered after re-damaging. As possible mechanism for the fact that the pre-irradiation damage does not return to its original level, we propose the following mechanism. The vacancy clusters formed after heating act as sink for the interstitials created in the new damage cascade during pre-irradiation. A large part of the created vacancies and interstitials therefore disappear quickly, the retention cannot build up as quickly as in the non-irradiated sample. Therefore the W 4+ fluence to reach saturation might be higher.
5.A.3 Conclusions
The strong reduction in deuterium retention of pre-damaged samples exposed to highflux deuterium plasmas at high surface temperatures (above the vacancy mobility) was investigated. Exposure at high surface temperature followed by low surface temperature exposure showed that the reduction predominantly originates in the vacancy mobility. The role of trapping/de-trapping in the reduction seems to be minor.
Alternating damaging (0.45 dpa) and heating (950 K) of tungsten before plasma exposure was investigated as well. Our measurements confirmed that heating after damaging reduces deuterium retention. Repetition of the damage step increases the deuterium retention although not to the original level. We propose that the small vacancy clusters formed during heating act as sinks for newly created interstitials in the damage cascade. The pre-irradiation fluence to reach saturation may therefore be higher.
